Introduction
DNA-dependent RNA polymerase (DdRP), an essential enzyme for cytoplasmic DNA viruses, has been reported for a variety of poxviruses including vaccinia virus (Moss, 1990) , African swine fever virus (Yanez et al., 1993) and insect iridescent virus type 6 (Chilo iridescent virus, CIV) (Schnitzler et al., 1994) . DNA-dependent RNA polymerases are complex multisubunit enzymes consisting of two large subunits with a molecular mass of > 100 kDa and several smaller polypeptides which are all present in stoichiometric amounts (Sentenac, 1985) . Several subunits of the vaccinia virus DdRP (Nevins & Joklik, 1977; Baroudy & Moss, 1980) have been * Author for correspondence. Fax +49 6221 56 3104; e-mail 73 @vm.urz.uni-heidelberg.de
The nucleotide sequence of a part (8334 bp) of the EcoRI FLCDV DNA fragment B, between the EcoRI site (0.034 virus map units) and 259 nucleotides downstream from the second PstI site (0.117 virus map units), has been deposited in GenBank, accession number L34213. identified and characterized (Broyles & Moss, 1986; Jones et al., 1987; Amegadzie et al., 1991) .
Fish lymphocystis disease virus (FLCDV), which belongs to the icosahedral cytoplasmic deoxyriboviruses, is a separate genus (Lymphocystivirus) of the family Iridoviridae (Francki et al., 1991; Williams & Cory, 1994) ; this family contains three other genera, Iridovirus, Chloriridovirus and Ranavirus. FLCDV is the causative agent of lymphocystis disease which is characterized by papilloma-like lesions and frequently appears in Pleuronectidae (flatfish) such as Pleuronectes flesus (flounder), Pleuronectes platessa (plaice) and Limanda limanda (dab) . Lymphocystivirus has been classified genetically into two different strains: FLCDV-f occurs in flounders and plaices, whereas FLCDV-d is usually found in the lesions of dabs (Darai et al., 1983 ; Schnitzler & Darai, 1989) . Propagation of FLCDV in vitro has met with only limited success. As with other members of the Iridoviridae the structure of the genome of FLCDV is circularly permuted and terminally redundant (Darai et aI., 1983 (Darai et aI., , 1985 Schnitzler et al., 1987; Schnitzler & Darai, 1989) . The other genomic property of FLCDV is the high level 0001-2854 © 1995 SGM (22 %) of methylation in cytosine residues (Darai et al., 1983; Wagner et al., 1985) . The gene encoding the major capsid protein (MCP) of FLCDV was identified and characterized by polymerase chain reaction (PCR) (Schnitzler & Darai, 1993) using oligonucleotide primers corresponding to the highly conserved region which was detected by comparative analysis of the DNA and amino acid sequences of the MCP of Tipula iridescent virus (Tajbakhsh et al., 1990) , iridescent virus 22 (Cameron, 1990) and CIV (Stohwasser et al., 1993) .
Recently we succeeded in identifying and characterizing the gene encoding the largest subunit of the DNA-dependent RNA polymerase of CIV (Schnitzler et al., 1994) by PCR using oligonucleotide primers corresponding to the conserved regions detected within the amino acid sequence of the largest subunit of a variety of pro-and eukaryotic DdRPs. The identification of the gene encoding the largest subunit of the DNA-dependent RNA polymerase of FLCDV using oligonucleotide primers deduced from the conserved domains of the DdRP of pro-and eukaryotic organisms is the subject of the present study.
Methods
Gene library of the viral genome. The recombinant plasmids harbouring the specific DNA sequences of the FLCDV-f genome used in this study were obtained from a defined gene library of DNA sequences, which was established and described previously (Darai et al., 1985; Schnitzler & Darai, 1989) .
Enzymes and DNA isolation. Restriction endonucleases and T4 DNA ligase were purchased from Biolabs or Boehringer Mannheim. Incubations were carried out according to standard procedures for each enzyme. Electrophoresis at constant voltage was performed according to Sharp et al. (1973) and electrophoresis equipment was purchased from Renner GmbH (Dannstadt, FRG). DNA fragments were isolated from 0.5 to 1.0% low melting point agarose gels and purified as described previously (Darai et al., 1985) .
Pol.vmerase chain reaction (PCR).
Oligonucleotide primers (RNA-POL-D 1 and RNA-POL-D3 ; see Fig. 1 ) were synthesized according to the highly conserved regions. RQP(T/S)LH and NADFDGDE of the largest subunit of DdRP from pro-and eukaryotic organisms as described previously (Schnitzler et al., 1994) . PCR was performed using 0.01 fmol of FLCDV DNA in 100 ~tl volumes of 50 mM-KC1, 10 mMTri~HC1 pH 8"3, 1-5 mM-MgC12, 0.01% (w/v) gelatin, 200 ~tmol of each dNTP, 1 pmol of each primer and 2.5 units of Taq DNA polymerase (Perkin Elmer). Thirty cycles were run in an automated temperature cycling reactor (Ericomp Inc.) which gave 30 s incubation at 94 °C and 40 °C, and 2 min at 72 °C per cycle (Saiki et al., 1988) .
Blot hybridization. Hybridization and nick-translation of DNA was carried out using [~-32P]dATP and [~-3~P]dCTP (New England Nuclear; sp. act. 6.000 Ci/mmol) as described previously (Darai et al., 1985) .
Subcloning.
A defined and overlapping genomic library of the EcoRI FLCDV DNA fragment B spanning the map coordinates 0.034 to 0-165 was established by insertion of defined DNA subfragments into the corresponding sites of the plasmid vectors (pACYC184, pAT153 and pUC18, . Competent E. coli K12 C600 cells were used for transformation and the DNA of individual recombinant plasmids was amplified, extracted and purified as described elsewhere (Darai et al., 1985) .
DNA sequence analysis. The inserts of the recombinant plasmids harbouring specific DNA sequences of the EcoRI DNA fragment B were inserted into the corresponding sites of phages M 13mp 18 and -19. The ssDNA of the individual recombinant M 13 phages was sequenced by the dideoxynucleotide chain termination procedure (Sanger et al., 1977; Sanger & Coulson, 1978; Vieira & Messing, 1982 ) using a modified T7 DNA polymerase. The T7 DNA polymerase (Tabor & Richardson, 1987) and the Sequenase sequencing kit were purchased from United States Biochemical Corp. or obtained from Renner GmbH. For labelling the DNA sequences [~-~2p]dATP (sp. act. 800 Ci/mmol) or [e-35S]dATP (specific activity 500 Ci/mmol) were used. Both radionucleotides were purchased from New England Nuclear. The sequence of each DNA fragment was determined from both strands by analysis of the particular DNA fragment that was inserted into M13mpl8 and -19.
Computer-assisted sequence analysis. Nucleotide and amino acid sequences were compiled and analysed using the PC-Gene program release 6.80 (UGenBank 84_39, VectorBank 9.0, EMBL 39, SWISS-PROT 29; October 1994, University of Geneva, Switzerland; Intelligenetics Inc.). Comparison of amino acid sequences with sequence databases was performed using programs based on the BLAST algorithm (Altschul et al., 1990) . The program BLASTP was used to screen amino acid sequence databases, TBLASTN to screen nucleotide sequence databases conceptually translated in six reading frames, and BLASTX to screen amino acid sequence databases for similarity to the query sequence translated in six frames. A non-redundant sequence database maintained at the National Center for Biotechnology Information (NIH) was used for all searches. Multiple sequence alignments were generated using the MACAW program (Schtfler et al., 1991) .
Tentative phylogenetic trees were constructed using the PHYLIP package (Felsenstein, 1989) . The following methods were used: (i) neighbour-joining (Saitou & Nei, 1987) ; (ii) least square distance matrix method (Fitch & Margoliash, 1967) ; and (iii) protein parsimony (Felsenstein, 1989) . Each of these methods was used with the bootstrap option to assess the statistical significance of different branchings in the trees.
Results

Strategy for identifying the gene encoding the FLCDV DdRP
The amino acid sequences of the largest subunit of DdRP of different pro-and eukaryotic organisms including vaccinia virus and Chilo iridescent virus harbour highly conserved domains as described previously (Schnitzler et al., 1994) . Two oligonucleotide primers deduced from the two domains RQP(TS)LH and NADFDGDE were synthesized and used for detecting the gene encoding the largest subunit of DdRP of the FLCDV genome by PCR. The addition of restriction sites to the oligonucleotide sequence of primers RNA-POL-D1 (BamHI) and RNA-POL-D3 (SalI) allowed a directional cloning of the PCR amplified product in the corresponding vectors. Using this strategy and the conditions described above a PCR product of about 150 bp was amplified. Determination of the DNA nucleotide sequence of the DNA fragment amplified by PCR confirmed the specificity of the PCR product. Furthermore, a DNA-DNA hybridization experiment in which the radioactively labelled DNA product derived from PCR was hybridized to the FLCDV gene library containing the complete DNA sequences of the viral genome (Darai et al., 1985; Schnitzler et al., 1987; Schnitzler & Darai, 1989) (Schnitzler et al., 1987; Schnitzler & Darai, 1989) . Comparison of the DNA sequences of this particular region of the viral genome and the DNA sequences of the amplified PCR product revealed that the gene of DdRP is located downstream from the DNA sequences of the repetitive DNA element.
DNA sequence analysis
In order to identify the exact positions of the gene encoding the largest subunit of DdRP of FLCDV, the nucleotide sequence of a part (8334 bp) of the EcoRI DNA fragment B between the EcoRI site (NP 1; 0.034 m.u.) and 259 nucleotides downstream from the PstI site at the genome coordinate 0.117 (NP 8074) was determined by DNA nucleotide sequence analysis. A part of the nucleotide sequence from the FLCDV EcoRI DNA fragment is shown in Fig. 2 . This genomic region of the FLCDV DNA molecule has a base composition of 70.91% A+T and 29.09% G+C. The presence of all restriction sites mapped within this DNA fragment are confirmed by derived nucleotide DNA sequence and the cleavage sites for some single-or multiple-cut enzymes.
The repetitive DNA sequences of this particular region of the FLCDV genome were determined by a computeraided analysis. These studies revealed the presence of many short perfect direct, inverted, and palindromic repeat sequences as well as DNA sequences with potential hairpin structures (Table 1) .
Coding capacity
Computer-assisted analysis of the DNA sequence revealed the presence of eight open reading frames (ORF-1 to -8) within the analysed region (8334 bp) of the 
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Pstl (0.059 viral map units) EcoRI FLCDV DNA fragment B. The properties and positions of the individual ORFs are given in Table 2 and shown in Fig. 1 . With exception of the products of ORF-6 and ORF-7, no significant similarity was found when the amino acid sequences of the deduced polypeptides were compared to the amino acid sequences of the known proteins. The amino acid sequence of the putative polypeptide of the incomplete ORF-7 has been shown to be homologous to the 3/%hydroxysteroid dehydrogenase/ dihydroflavonol reductase superfamily (Baker, 1991; * For each of the viral polymerase subunits the highest BLASTP score with the respective sequence is indicated. The score is computed as the sum of scores for aligned residue pairs in an ungapped alignment detected by BLAST and is linked to the probability of obtaining the alignment by chance through statistical theory (Altschul et al., 1994) . For each of the comparisons listed in Table 3 , this probability was below 10 -az with the exception of the comparison between FLCDV and AFSV (5 x 10 -~) and VV with the E. coli fl subunit (2 x 10 7). Fig. 1 and summarized in Table 2 .
Block
RPO1 of FLCD V contains all the conserved motifs typical of the largest subunits of RNA polymerases
The product of ORF-6 is predicted to consist of 1199 amino acid residues and showed highly significant sequence similarity to the largest subunits of cellular and viral DNA-dependent RNA polymerases (Table 3) . Therefore, we conclude that this protein is the FLCDV RNA polymerase largest subunit (RPO1). In our previous analysis (Schnitzler et al., 1994) , we observed that RPO1 of CIV is most closely related to the largest subunit of eukaryotic RNA polymerase II and that the similarity between the CIV RPO1 and cellular polymerase subunits is consistently higher than the respective values for RPO1 of vaccinia virus (VV) and African swine fever virus (ASFV). The FLCDV RPO1 showed the highest similarity to the RPO 1 of CIV and somewhat lower similarity to cellular polymerases than CIV RPO1. However, it shows still considerably more similarity to cellular polymerases than the homologous proteins of VV and ASFV (Table 3) . Multiple alignment of the FLCDV RPO1 with the homologous cellular and viral RNA polymerase subunits showed that it contains all the motifs that are typical of these highly conserved proteins and is completely collinear with the cellular polymerases and the polymerase of VV and ASFV ( Fig. 3 ; Allison et al., 1985; Cornelissen et al., 1988; Jokerst et ai., 1989; Yanez et al., 1993) . This is in sharp contrast with the CIV RPO1 which lacks the C-terminal domain containing motifs G and H and in this respect resembles polymerases of archaeobacteria (Schnitzler et al., 1994; Fig. 3) . Thus there is a dramatic difference in the organization of the genes for the largest subunit of the RNA polymerase between the two iridoviruses. This is even more surprising given that, as indicated above, the truncated CIV RNA polymerase shows higher similarity to cellular polymerases than the complete FLCDV polymerase. Interestingly, we observed that the amino acid sequence KKTGILRQNMMGKRRNQ (at amino acid positions 237 to 253), which is a part of the conserved block C in the FLCDV RPO 1 protein (Fig. 3) , precisely corresponds to the bipartite nuclear localization signal (NLS) consensus (Dingwall & Laskey, 1991) . However, the pattern of amino acid conservation in block C of RPO1 proteins (including the CIV RPO1) is different from that in the NLS and this block probably has a different function that is common to all RNA polymerases. This finding was in agreement with the previous observation that RNA polymerase activity is associated with detergent-treated virus particles of iridescent virus types 2 and 6 (Kelly & Tinsley, 1973) . Phylogenetic analysis suggested that CIV RPO1 might have evolved from the largest subunit of eukaryotic RNA polymerase II after its divergence from the homologous subunits of RNA polymerases I and III. However, with the addition of the less conserved sequence of the FLCDV RPO1, the tree topology became less certain. While each method used grouped the two iridovirus polymerases together, the position of the iridovirus lineage in the overall tree was very unstable. The grouping with the largest subunit of RNA polymerase II remained the most likely but it had only low associated bootstrap values (data not shown). Thus, although the observation that the similarity between the iridovirus RNA polymerase subunits and their cellular homologues is higher than for other viruses is compatible with our hypothesis that iridoviruses might have evolved from ancestral cellular genes independently from and more recently than other large DNA viruses, sequence information from a broad range of other vertebrate and invertebrate iridovirus isolates is essential for a more complete understanding of DNA virus evolution.
The presence of an amino acid motif (237KKTGILRQNMMGKRRNQ25S) analogous to the known bipartite NLS within the amino acid residues of the RPO1 protein of FLCDV is unexpected. However, the role of the NLS in the FLCDV life cycle remains uncertain. A nuclear phase for replication of frog virus 3, an isolate from another genus of the family Iridoviridae, has been reported (Goorha et al., 1978) . It also has been shown that viral transcription of the frog virus 3 is dependent upon the activity of the cellular RNA polymerase II (Goorha et al., 1978) .
The experimental strategy described here is of general use and will allow unambiguous identification of the gene encoding the largest subunit of the DdRP of other iridoviruses and other species.
Discussion
In the present study the gene locus for the largest subunit of the DdRP of FLCDV was identified and its primary structure was determined. Identification of the coding capacity and strategy of the individual genes of FLCDV using nucleotide sequence analysis is necessary, since FLCDV cannot be propagated efficiently in vitro. This is still a handicap for the identification of the viral transcripts of this economically important virus.
Recently, we succeeded in identifying and characterizing the RPO1 gene of CIV (Schnitzler et al., 1994) which belongs to the genus Iridovirus, family Iridoviridae.
